The molecular structure of neutral n-triacontanol mesophases at the n-hexane -water interface has been studied by diffuse X-ray scattering using synchrotron radiation. According to the experimental data, a transition to the multilayer adsorption of alkanol occurs at a temperature below the transition from a gas phase to a liquid Gibbs monolayer.
An amphiphilic adsorption film at an oil -water interface can be considered as a two-dimensional thermodynamic system where phase transitions between surface mesophases can occur [15] . One of such systems with the parameters (p, T, c), where p is the pressure, T is the temperature, and c is the concentration of the surfactant in the bulk, is a solvable film of highmolecular-weight n-alkanol at the n-alkane -water interface [68] . A two-dimensional liquid -vapor thermotropic phase transition is observed in it at p = 1 atm and c = const [9, 10] . In this work, we study the temperature dependence of the intensity of diffuse (nonspecular) scattering of 15-keV photons at the n-hexane -water interface with an n-triacontanol (C30-alcohol) film where such a transition occurs [11] . The analysis of scattering data within the theory of capillary waves shows that, with decreasing temperature, a transition to multilayer adsorption occurs at T * below the temperature Tc of a two-dimensional transition of condensation of triacontanol to a liquid monolayer. We propose a model of the structure of the interface that makes it possible to relate new diffuse scattering data to previously reported and supplemented reflectometry data.
In this work, we study systems with the bulk concentration c ≈ 0.7 mmol/kg of C30-alcohol in n-hexane. Samples with a 75 mm× 150 mm saturated hydrocarbon -water macroscopically flat interface were prepared and studied in a hermetic stainlesssteel cell with polyester windows transparent to X-rays according to the technique described in [12, 13] . The temperature of the cell was controlled by an original two-stage thermostat.
C30-alcohol or C30H62O was purified twice by recrystallization at room temperature from a supersaturated solution in n-hexane, which was prepared by solving n-triacontanol in n-hexane at a temperature of T ≈ 333 K [14] . Saturated hydrocarbon C6H14 (the melting temperature is ≈ 178 K, the boiling temperature is ≈ 342 K, and the density at 298 K is ≈ 0.65 g/cm
3 ) was preliminarily purified by repetitive filtering in a chromatographic column [15] . Deionized water (Barnstead, NanoPureUV) was used as the bottom bulk phase, in which C30H62O is almost insoluble. To prevent the formation of gas bubbles at the interface, the sample was annealed: the temperature of liquids in the cell was increased up to T ∼ = 330 K and then was reduced below Tc.
According to [11, 16] the liquid -vapor transition in the * tikhonov@kapitza.ras.ru Figure 1 Temperature dependences of the interfacial tension γ(T ) at (squares) the pure n-hexane -water interface and (circles) this interface with an adsorbed n-triacontanol layer. A sharp change in the slope of γ(T ) is observed at the liquid -vapor phase transition in the C30H62O adsorption film at Tc ≈ 301 K. A transition to multilayer adsorption occurs at T * ≈ 298 K. The inset shows the scattering kinematics at the n-hexane -water interface. The plane xy coincides with the interface, the axis O is perpendicular to the beam direction, and the axis Oz is perpendicular to the surface and is directed opposite to the gravitational force.
C30H62O neutral absorption film at the n-hexane -water interface at the pressure p = 1 atm and concentration p = 1 c ≈ 0.7 mmol/kg occurs at Tc ≈ 301 K. The corresponding temperature dependence of the interfacial tension γ(T ) for this system is shown by circles in Fig. 1 . The change in the slope of γ(T ) is related to the change in the surface enthalpy upon the transition: ∆H = −Tc∆(∂γ/∂T )p,c = 1.3 ± 0.1 J/m 2 . With increasing temperature near Tc, a large number of adsorbed C30-alcohol molecules leave the interface and are dissolved in the bulk of the hydrocarbon solvent. In this process, the surface concentration of alcohol molecules decreases by more than an order of magnitude and a gas amphiphilic mesophase is achieved.
The qualitative model of the structure of interfaces shown in Fig. 2 makes it possible to match the previous reflectometry data to new scattering data for this system. This model is consistent with the structure of a C30H62O linear chain molecule with a length of ≈ 41Å(≈ 1.5Å(-CH3) + 29 × 1.27Å(-) + 2.4Å(-CH2OH)). As was shown in [11] , reflectometry data for the condensed triacontanol mesophase (a Gibbs liquid monolayer) can be explained by a structure consisting of three layers. Polar head parts -CH2OH are involved in the formation of layer 1, whereas Figure 2 Model of the n-triacontanol C30H62O adsorption film at the n-hexane -water interface. layers 2 and 3 are formed by hydrophobic hydrocarbon tails -C29H599. Further, it was shown that additional thick layer 4 is necessary for explaining an increase in the intensity of diffuse scattering by the absorption film with decreasing temperature.
The reflection coefficient R and the intensity of diffuse surface scattering of X-rays In at the n-hexane -water interface were measured with the use of synchrotron radiation at the X19C beamline of the National Synchrotron Light Source (NSLS, Brookhaven National Laboratory, United States) [17] . The intensity I0 of the incident monochromatic photon beam at a wavelength of λ = 0.825±0.002Å was ∼ 10 10 photon/s. This method was recently used to study thermotropic transitions in protonated and ionized melissic acid absorption films at the n-hexane -water interface [18, 19] .
Let kin and ksc be the wave vectors with amplitude k0 = 2π/λ of the incident and scattered beams, respectively. In a reference frame where the origin O is at the center of the irradiated region, the plane xy coincides with the water boundary, the axis Ox is perpendicular to the beam direction, and the axis Oz is normal to the surface and is directed opposite to the gravitational force. In the experiment, the glancing angle in the plane is α << 1, the scattering angle is β << 1, and the angle in the xy azimuthal plane between the direction of the incident beam and the direction of scattering is φ ≈ 0 (see the inset of Fig. 1 ). In this reference frame, the components of the scattering vector q = kin -ksc in the interface plane xy are qx ≈ k0φ and qy ≈ k0(α 2 − β 2 )/2 and the normal component along the axis Oz is qz ≈ k0(α + β).
The total external reflection angle αc = λ re∆ρ/π ≈ 8 · 10 −4 rad (where re = 2.814·10 −5Å is the classical electron radius) for the n-hexane -water interface is determined by the difference ∆ρ = ρw −ρ h between the bulk electron densities in hydrocarbon solvent ρ h ≈ 0.22 e − /Å 3 and in water ρw ≈ 0.33 e − /Å 3 . Figure 3 shows the dependence R(qz) at various temperatures above and below the phase transition at the n-hexane -water interface. At qz < qc = (4π/λ)αc≈ 0.012Å −1 , the incident beam undergoes total external reflection; i.e., R ≈ 1. The inset of Fig.  3 shows the temperature dependence of the normalized reflection coefficient R/R1 measured near the interference maximum at (circles) qz = 0.2 and (squares) qz = 0.225Å −1 , where R1 is the reflection coefficient at T ≈ 300.0 K. The data presented in Fig.  3 demonstrate that the character of the reflection curves changes sharply with increasing temperature in the range ∆T ∼ 2 K near the temperature Tc. 2 at the center of the interface in the direction β; I0 is the normalization constant proportional to the intensity of the incident beam, which was controlled in the experiment immediately before the entrance of the beam into the cell; and I b (β) is the number of photons scattered in the bulk of n-hexane on their way to the interface. The method of I b determining is described in detail in [18] . The most intense peak on the curves corresponds to specular reflection at β = α, and the peak against the diffuse background at β → 0 illustrates an increase in the intensity of scattering atβ = αc (≈ 0.05
• ) [19, 20] . Line a in Fig. 4 corresponds to the liquid mesophase at a low temperature at which the peak of surface diffuse scattering at small β values reaches the specular reflection peak. As the temperature is increased to T * ≈ 298 K, the intensity I diff of scattering decreases gradually to ≈ 2 · 10 −3 of the reflection peak and is then almost independent of T (lines d, e, f ).
The electron density ρ(z) of the sample in the direction perpendicular to its surface averaged over the area A0 can be reconstructed from the reflectometry and diffuse scattering experimental data. In the distorted wave Born approximation, this problem is reduced to the determination of the model structure factor Φ(q) of the form [21] Φ(q) = 1 ∆ρ
To explain this experiment, it appears sufficient to use the model of interface in the form of a heterogeneous-layered structure (see Fig. 2 ). However, in the general case, where, e.g., intraplane inhomogeneities of the surface are smaller than the projection of the spatial coherence length of incident radiation on the xy plane (λ 2 /(∆λα) ∼ 10 −4 − 10 −6 m), the scattering data can be interpreted only within complex models of spatially inhomogeneous structures [22] [23] [24] [25] .
The intensity of diffuse surface scattering In(β) on the thermal fluctuations (capillary waves) at the interface was calculated by the method presented in [18, 19, 26, 27] .
The dependences R(qz) and In(β) in the gas mesophase of the monolayer at T > Tc are quite well described within the singleparameter model of the pure interface with the structure factor
The electron density profile corresponding to the structure factor (2) has the form
The minimum value of the parameter σ 2 0 , which determines the width of the interface, is limited by the capillary width squared:
which is in turn specified by the short-wavelength limit in the spectrum of capillary waves Qmax = 2π/a (where a ≈ 10Å is the intermolecular distance) and Qmin = q max z ∆β/2 (∆β is the angular resolution of the detector and q max z ≈ 0.5Å −1 ) [27, [30] [31] [32] [33] [34] .
The parameters R(qz) and In calculated by Eq. (2) at T > Tc are shown in Figs. 3 and 4 , respectively, by solid lines, which describe the corresponding experimental data within the statistical error of the measurements (crosses in Fig. 3 and line f in Fig. 4) . The corresponding fitting parameter σ0 = (4.4 ± 0.3)Å is insignificantly larger than the value previously measured for the pure n-hexane -water interface [35] . The dashed line in Fig.  3 was calculated without fitting parameters by Eq. (2) with the value σ0 = 3.45Å calculated by Eq. (4).
The monomolecular liquid n-triacontanol mesophase at T < Tc is described within a qualitative three-layer model (see Fig. 2 ) proposed in [11] with the structure factor
where z0 = 0, ρ0 = ρw, and ρ4 = ρ h . In the liquid phase, the electron densities are ρ1 ≈ 1.13ρw, ρ2 ≈ 0.95ρw, and ρ3 ≈ 0.79ρw and the coordinates of the layer boundaries are z1 ≈ 5Å, z2 ≈ 18Å, and z3 ≈ 36Å. The total thickness of the monolayer is (36 ± 2)Å. The model electron density profile corresponding to the structure factor (5) has the form
where lj = z + zj.
The calculated values σ0 range from 3Å to 6Å and coincide with the fitting values within errors.
The parameters R(qz) and In calculated by Eq. (5) are shown in Figs. 3 and 4 , respectively, by solid lines, which describe quite well the experimental data near Tc (lines d and e in Fig. 4) . However, the observed intensity of scattering at T < T * ≈ 298 K is more than five times larger than the calculated value.
This increase in the intensity of scattering can be qualitatively explained within the four-layer model (multilayer absorption) and the structure factor [18] 
The second term describes the fourth adsorbed layer with the thickness z4 − z3 and the density ρ h + δρ. The parameter σ is the intrinsic width of the interface between this layer and the bulk of n-hexane, and Φ(q) * m is given by Eq. (5) with the substitution ρ4 = ρ h + δρ. With an increase T → T * , the excess surface concentration is δρ(z4 − z3) → 0. The distribution corresponding to the structure factor (7) has the form
The analysis of the data for diffuse scattering and R(qz) with the use of Eq. (7) is shown in Fig. 4 by dashed lines b and c. The estimated thickness of the thick layer is z4 − z3 ≈ 80Å, the parameter is δρ ≈ 0.03ρw , and the width is σ ≈ 30Å. In this case, the parameters of the liquid monolayer are insignificantly corrected within the error because the contribution of the second term in Eq. (7) drops rapidly with qz increasing and becomes negligible at qz > 0.075Å −1 . The electron density in the fourth layer ρ h + δρ ≈ 0.72ρw corresponds to the density in a highmolecular-weight alkane liquid [36] .
The low-temperature limit of measurement of surface scattering is bounded by the region γ > 25 mN/m. At lower γ values, n-triacontanol aggregates with linear dimensions < 1 mm are precipitated at the n-hexane -water interface. It is reasonable to attribute this behavior to the supersaturation of the solution of C30-alcohol in n-hexane at a decrease in the temperature, which is also accompanied by the thickening and densification of layer 4.
In this case, it is difficult to correctly separate the intensities of surface and bulk scattering. For this reason, the model description of the data obtained at T = 294.8 K in Fig. 3 (circles) and Fig. 4 (line a) is an ill-posed problem.
Thus, the gas mesophase of the monolayer is implemented at the interface at T > Tc. It is characterized by the single parameter σ0 = 4.4 ± 0.3Å (structure I) and is slightly different from the structure of the pure n-hexane -water interface [12, 35] . In the interval T * < T < Tc, structure II is described by the three-layer model of the monolayer with a thickness of (36 ± 2)Å, and structure III of the interface at T < T * is described by the four-layer model and consists of the n-triacontanol monolayer and the high-molecular-weight alkane liquid layer with a thickness of ∼ 100Å. The proposed model of the interface structure in the range T < T * makes it possible to consistently describe the experimental data. Model electron density profiles ρ(z) for mesophases of the absorbed C30-alcohol film normalized to ρw are shown in Fig. 5 .
It is noteworthy that the intensity of diffuse scattering background at the n-hexane -water interface in the transition region at T ≈ Tc (line 5 in Fig. 4 ) exceeds the calculated In(β) values by ∼ 100% for both the homogeneous monolayer and the pure interface. This relation can be apparently attributed to the separation of the surface into low-and high-temperature phase domains. Both phases tend to be mixed because the formation of one-dimensional interfaces significantly reduces the interfacial energy [37] . This formally excludes the existence of a first-order phase transition in this system [38, 39] . The structure of the surface is determined by the competition between the long-range electrostatic repulsion and short-range van der Waals interactions [40] . The optical data indicate the existence of an equilibrium spatially inhomogeneous structure of the n-hexane -water interface near Tc [25, 41, 42] . Small-angle grazing scattering by inhomogeneities of the interface can make an additional contribution to diffuse background in the vicinity ∆T of the transition temperature. However, its quantitative description requires the model of spatial structure, the development of which is beyond the scope of this work [43] .
To summarize, the molecular structure of the neutral adsorbed n-triacontanol layer at the n-hexane -water interface in its different phase state has been studied by diffuse scattering and reflectometry using synchrotron radiation. The calculation of the intensity of scattering for model structures proposed in [11, 16] without fitting parameters satisfactorily reproduces the experimental data near Tc. The main and quite surprising result of the analysis of the data is that the transition to multilayer adsorption occurs at the temperature T * below the temperature Tc of the liquid -vapor transition in the absorption film. The observation of such a transition in a protonated melissic acid layer above its melting temperature was previously reported, although the dependences γ(T ) near T * for these systems are strongly different [18] .
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